Abstract In this paper, a pulsed discharge plasma (PDP) system with a multi-needle-to-plate electrodes geometry was set up to investigate the regeneration of acid orange 7 (AO7) exhausted granular activated carbon (GAC). Regeneration of GAC was studied under different conditions of peak pulse discharge voltage and water pH, as well as the modification effect of GAC by the pulse discharge process, to figure out the regeneration efficiency and the change of the GAC structure by the PDP treatment. The obtained results showed that there was an appropriate peak pulse voltage and an optimal initial pH value of the solution for GAC regeneration. Analyses of scanning electron microscope (SEM), Boehm titration, Brunauer-Emmett-Teller (BET), Horvath-Kawazoe (HK), and X-ray Diffraction (XRD) showed that there were more mesopore and macropore in the regenerated GAC and the structure turned smoother with the increase of discharge voltage; the amount of acidic functional groups on the GAC surface increased while the amount of basic functional groups decreased after the regeneration process. From the result of the XRD analysis, there were no new substances produced on the GAC after PDP treatment.
Introduction
Due to the extended pore structure, a huge specific surface area and unselective absorption, activated carbon (AC) has been widely used as an efficient adsorbent for pollution control. However, the absorption process of AC for organic wastes in water can only transfer the organic contaminants from liquid phase to the AC, instead of degrading the pollutants. The discarded AC after adsorbing organic compounds can cause waste and secondary pollution. For the AC adsorbed recalcitrant organic pollutants, the secondary pollution would be worse. Thus, regeneration of the exhausted activated carbon is meaningful to both environmental protection and economic sustainability. Accordingly, many techniques have been adopted to regenerate AC, including thermal transpiration [1] , biodegradation [2] , solvent extraction [3] , electrochemical oxidation [4] , supercritical fluid oxidation [5] , ultrasonic oxidation [6] , wet oxidation [7] and photocatalysis [8] , etc. However, among them, the equipment used for the thermal transpiration process is complicated and much carbon is lost during the regeneration process. For the bio-degradation process, quite a long time period is needed to recover the absorption capacity of exhausted AC and the toxic pollutants adsorbed on AC cannot be efficiently mineralized during the regeneration process. The photocatalysis process used for AC regeneration is a new kind of method which utilizes ·OH to oxidize organic compounds adsorbed on AC and then to recover the absorption capacity of AC. The present work provides a new direction for the development of AC regeneration methods.
As one of the advanced oxidation technologies (AOTs) used in the environmental field, pulsed discharge plasma (PDP) technology for wastewater treatment has been paid much attention during the past few decades [9−11] . It has been proved that the coexistence of chemical and physical effects in the plasma channel has powerful consequences on organic compounds degradation in water, and a varieties of active species, such as ·OH, H 2 O 2 , O 3 , etc, have efficient effects on organic compounds degradation. PDP could be used for treating the water with different kinds of organic compounds, including dyes, phenols, chlorophenol and nitrophenol, etc [12−15] . With further investigation on the PDP technology, researchers began to explore methods for the enhancement of pollutant degradation efficiency in a PDP system [16−26] . Accordingly, a combination of PDP with other chemical processes has been developed, and research on the synergistic effect of PDP and AC was one of them [26−29] . The investigation proved that the combination processes could enhance the degradation efficiency of organic compounds and regenerate the AC in-situ as well. After discharge treatment, the pore on the AC could be extended, the specific area of the AC increased and the surface radical on the AC relocated. The utilizing efficiency of the AC was also improved in the process. Based on the above results, the characteristics and advantages of PDP could be considered for regenerating organic compounds exhausted AC.
In this research, a pulsed discharge plasma reactor with a multi-needle-to-plate electrodes geometry was set up to use for AC regeneration, and the acid orange 7 (AO7) exhausted granular activated carbon (GAC) was prepared as the target AC in the plasma system. AO7 exhausted GAC regeneration was studied under different conditions of peak pulse voltage and solution pH value to clarify the regeneration of GAC in the PDP system. Changes of surface properties and pore structure of the GAC were also investigated to explain the modification of GAC by the discharge process and the GAC regeneration mechanism in the PDP system.
Experimental procedures 2.1 Materials
The GAC used in the research was commercial coalbased GAC, which were screened to the size of 2-4 mm. The pretreatment process of the GAC was as follows: the screened GAC was boiled in 5% hydrochloric acid for 60 min to remove the impurities on the GAC; the boiled samples were then washed with distilled water to neutral and dried at 105
• C for 24 h; the dried samples were finally stored in a drier before use. This GAC was marked as the original GAC. All reagents used in this study were of analytical grade.
In this experiment, GAC exhausted by AO7 was used as saturated GAC. The saturated GAC were prepared as follows: 30.0 g of the original GAC were added into 400 mL AO7 solution (2000 mg/L) in a conical flask (with cap), and then oscillated in the flask in a waterbathing vibrator (constant temperature) until absorption equilibrium, and then dried at 40
• C in an oven. This dried GAC was marked as the saturated GAC and stored in a drier before use. Fig. 1 illustrates a schematic diagram of the PDP system used in the research. The system consisted of a power supply, an electric monitoring system and a reactor. The power supply was similar to the one used before [18] . The frequency of the power supply was 0-150 Hz adjustable and the voltage was 0-60 kV adjustable. A voltage probe (Tektronix P6015A), a current probe (Tektronix P6021) together with an oscilloscope (Tektronix TDS3032B) were used to record the electric parameters in the system. A typical waveform obtained during the discharge process is shown in Fig. 2 . Fig. 3 is the diagram of the reactor used in the research. The high voltage electrode was seven syringe needles (type 12#, length 100 mm), and the ground electrode was a stainless steel plate (80 mm diameter). The distance between the two electrodes was controlled at 20 mm. Air was bubbled into the reactor through the needles. The air bubbling rate was adjusted by a gas flow meter. A net fixed between the two electrodes was used for placing the exhausted GAC with 4 mm distance between the discharge electrode and the liquid surface after 64 mL water was poured into the reactor. 
PDP system

Experimental and analytic methods
During the experiment, pH values of the water were adjusted with 0.1 mol/L NaOH and 0.1 mol/L HCl. Regeneration of GAC was calculated by comparing the amount of AO7 absorbed on the regenerated GAC with that absorbed on the original GAC. The absorption of AO7 was performed as follows: the regenerated GAC and the original GAC with the same mass (≈ 2 g) were put into the conical flasks (with cover), respectively; then AO7 solution was added with the same concentration (250 mg/L); the absorption was carried on in a water bath oscillator (150 r/min, 25
• C); measuring and calculating the residual concentration of AO7 every 30 min. The amount of AO7 absorbed on the regenerated GAC could be compared with that absorbed on the original GAC to illustrate the regeneration of GAC.
The variation of the pore structure of GAC was measured using an S-3400N scanning electron microscope (SEM, Japan Hitachi Company), and porosity test apparatus (NOVA 2000, Kang Tae Company of the United States). The specific surface area of GAC was calculated using the Brunauer-Emmett-Teller (BET) formula. The pore distributions, including micropores, mesopores and macropores, were represented using the Horvath-Kawazoe (HK) model and BarrettJoyner-Halenda (BJH) model. All functional groups on the GAC surface were determined using Boehm titration; the zero point of charge (ZPC) was determined using mass titration; the change of the surface chemical properties was further investigated by X-ray diffraction (XRD) analysis (D8 ADVANCE, German Bruker Company).
Results and discussion
GAC regeneration under different peak pulse voltages
Voltage was one of the most important parameters in a pulse discharge plasma system, because it could affect both the input energy and the discharge condition in the discharge system. On one hand, a higher power infusion induced by a higher pulse voltage could facilitate the production of active species, which were beneficial for organic compounds degradation [30] ; on the other hand, the higher pulse voltage could lead to stronger discharge, which might break the original structure of the GAC and then impair the absorption capacity of the AC [31] . Therefore, the effect of peak pulse voltage on GAC regeneration, which was represented by the residual concentration of AO7 solution after GAC absorption, was first reviewed to search for a better voltage condition for GAC regeneration in the discharge system. The reviewed voltage conditions were: 15. From Fig. 4 it can be seen that the residual concentration of AO7 decreased with the increase of discharge voltage within the reviewed voltages of 15.3 kV, 18.0 kV and 20.4 kV, hence the regeneration efficiency of the GAC increased under the present voltage conditions. However, the residual amount of AO7 on the GAC increased when it was regenerated by further increasing the discharge voltage to 23.2 kV, which meant a lower regeneration of GAC. The obtained experimental results could be explained as the enhancement of active species production resulting from the increase of the discharge voltage [32] . For the decrease of the regeneration efficiency of the GAC with a further increase of the peak pulse voltage, it could be ascribed to the broken pore structure of the GAC induced by the stronger discharge process, which would result in a decrease of the GAC absorption capacity.
GAC regeneration under different initial solution pH
It has been reported that pH value can affect not only the dye property but also the production of active radicals in a low-thermal plasma channel [9, 33] . Thus, the regeneration of AO7 exhausted GAC under different initial solution pH was also studied in the research. The studied solution pH values were 3.0, 6.6 and 10.0, respectively. Corresponding conductivities of all solutions were adjusted to 1000 µS/cm. Other experimental conditions were controlled as follows: 2.0 g GAC, 20 mm electrode distance, 20.4 kV peak pulse voltage, 50 Hz pulse frequency, 2 L/min air bubbling rate. Results of the residual concentration of AO7 after being absorbed by the regenerated GAC as well as the regeneration percentage are shown in Fig. 5 and Table 1 for different conditions of water pH.
As shown in Fig. 5 and Table 1 , the residual concentration of AO7 after absorption by the regenerated GAC was higher when the GAC was regenerated under the condition of 6.6 solution pH, which meant that 6.6 solution pH was the best pH value for GAC regeneration under the three studied conditions. On the other hand, 3.0 was not a favorable pH condition for the GAC regeneration and the regeneration percentage was the lowest. Such results could be ascribed to the transfer of O 3 , which was produced from oxygen ionization in the discharge system, from the gas phase to the liquid phase in the reaction system. The transferred O 3 could react with H 2 O 2 in the liquid phase to produce ·OH. However, a lower solution pH was not favorable for the reaction between O 3 and H 2 O 2 , which led to a lower ·OH concentration and in turn affected the regeneration of AC. On the other hand, a higher solution pH could result in more CO 2− 3 production from AO7 degradation, which was a quenching reagent for the ·OH and then depressed the oxidation process of AO7 on the GAC. Therefore, both higher and lower initial solution pH values were not a good reaction condition for GAC regeneration in the PDP system. 
Modification of GAC by the PDP
Active species produced in the PDP system, combined with other comprehensive effects occurring in the discharge process, could act on the AO7 as well as the GAC. The effect on the GAC could modify the property and structure of the GAC. This process was referred to as the modification of AC by the PDP. In this section, the influence of PDP on the physical and chemical properties of the GAC was investigated using such methods as SEM, Boehm titration, BET, etc. The experimental conditions used for GAC regeneration were as follows: 50 Hz pulse frequency, 20 mm electrode distance, 2 L/min air bubbling rate, 6.6 pH of water and 1000 µS/cm solution conductivity, the amount used for GAC regeneration was 2.0 g, and the total time of discharge treatment was 30 min.
SEM analysis
In order to illustrate the effect of pulse discharge voltage on the structure of GAC during the regeneration process, SEM analysis was carried out to investigate the regenerated GAC under different peak pulse discharge voltages (15.3 As shown in Fig. 6 , the regenerated GAC evolved with variations in the amount of micropores and pore volume after treatment at different applied voltages. In the case of 15.3 kV peak pulse voltage (Fig. 6(a) ), pores on the regenerated GAC surface were fewer and the pore volume was smaller; with the increase of discharge voltage, the pores that formed on the regenerated GAC increased and the pore volume became larger. The amount of microparticles on the GAC surface also decreased and the surface turned smoother simultaneously. Comparing the SEM results of regenerated GAC under the condition of 20.4 kV (Fig. 6(c) ) and 23.2 kV (Fig. 6(d) ) peak pulse discharge voltages, it can be seen that the volume of micropores and mesopores of the regenerated GAC after 23.2 kV discharge voltage treatment was less than those after 20.4 kV discharge voltage treatment, and some macropores appeared in the case of higher discharge voltage. Two reasons could be mentioned to explain the experimental results. Firstly, the amount of active species produced during the pulse discharge process increased with the increase of discharge voltage, and more AO7 could be degraded accordingly. This led to the enhancement of GAC regeneration; with a further increase of discharge voltage, physical effects such as heat, ultraviolet light and shock waves would strengthen the desorption process of AO7 from the GAC as well as affect the pore volume and the GAC surface. Secondly, when the pulse discharge voltage was further increased to 23.2 kV, the chemical and physical effects occurring in the discharge process became stronger and lots of heat was produced, which could destroy the micropores and melt the walls of the micropores and mesopores to form macropores. However, the absorption ability of the GAC was largely attributed to its pore structure and surface chemical properties. Micropore volume was very important for the high absorption ability of GAC. Therefore, the absorption capacity of the GAC decreased as a large number of macropores formed on the GAC surface. The above analysis is consistent with the result concerning the effect of the peak pulse voltage on GAC regeneration obtained in section 3.1.
Surface functional groups analysis
The surface functional groups of the GAC before and after regeneration were measured using Boehm titration. The result is shown in Fig. 7 . Fig.7 Surface functional group analysis of the original GAC and the regenerated GAC Fig. 7 shows the change of the main functional groups on the GAC before and after regeneration. It can be seen that there was a higher volume of acidic groups and a lower volume of basic groups on the surface of the regenerated GAC. The increment of acidic groups in concentration was 0.475 mmol/g (from 0.775 mmol/g to 1.25 mmol/g), and the decrement of basic groups in concentration was 1.075 mmol/g (from 1.2 mmol/g to 0.125 mmol/g). The concentration of carboxyl, lactones groups and phenolic hydroxyl increased from 0.2 mmol/g, 0.125 mmol/g and 0.45 mmol/g to 0.4 mmol/g, 0.2125 mmol/g and 0.6375 mmol/g, respectively. As for the reason, the changes of the functional groups' concentrations can be ascribed to the interaction between the active species (·OH, O 3 , H 2 O 2 , etc.) and the GAC, and the products formed during AO7 degradation. These effects could change the chemical properties of the GAC surface. In addition, the measured zero potential of the GAC was also changed from 6.08 (the original GAC) to 5.28 (the regenerated GAC), which could also prove the increase of acidic functional groups on the regenerated GAC.
Porosity and specific surface area analysis
To further illustrate the influence of PDP on the pore structure, the specific surface area and total pore volume of the GAC after regeneration, the porosity and specific surface area were compared between the original GAC and the regenerated GAC using the nitrogen absorption method. The specific surface area was measured by BET, micropore volume was measured by HK, and mesopores and macropores were measured by BJH. The results are shown in Table 2 .
As shown in Table 2 , pore volume and specific surface area of the GAC after regeneration decreased, thus indicating the reduction of the absorption capacity of the regenerated GAC. This result was ascribed to the incomplete desorption of the organic compounds from the GAC, which occupied some part of the micropore structure of the GAC and led to the decrease of the specific surface area and total pore volume on the regenerated GAC.
XRD analysis
XRD analysis was carried out to further explain the influence of PDP on the chemical property and microcrystalline structure of the GAC. The scanning scope was 2θ= 5
• -70
• , and the scanning rate was 7
• /min. The results are given in Fig. 8 .
As shown in Fig. 8 , there was no significant difference in XRD spectroscopy among the original GAC, the saturated GAC and the regenerated GAC. For the regenerated GAC, when 2θ were at 12.7
• , 20
• or 60
• , many significant absorption peaks existed, which were consistent with those in the original GAC. There were no new peaks appearing after PDP treatment. This indicated that no new substances were produced on the GAC surface after regeneration of the GAC by PDP [28] . 
Conclusions
In the paper, a PDP system was set up and used for regenerating the AO7 exhausted GAC. The regeneration of the saturated GAC under different conditions of peak pulse discharge voltage and initial water pH was investigated to illustrate the potential of PDP in GAC regeneration. The variations of physical and chemical properties of the GAC before and after PDP treatment were also analyzed to explain the modification of GAC by the pulsed discharge process. The obtained results are summarized as follows: 20.4 kV was a better peak pulse voltage condition for GAC regeneration and the best regeneration of the GAC could be obtained under the initial solution pH of 6.6. After regeneration, the amount of acidic functional groups on the GAC surface increased while the amount of basic functional groups decreased. The pH pzc of the regenerated GAC decreased as well. In a certain range, pore volume of the regenerated GAC enhanced with the increase of voltage, while the micropore volume of the regenerated GAC decreased and the macropore volume increased with the increasing discharge voltage. Compared with the original GAC, the pore volume of the regenerated GAC was less, especially the micropore volume. The pattern of XRD illustrated that no new substances were produced on the GAC after PDP treatment. hjwang@ujs.edu.cn or wendyjuaner@126.com
